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QUANTITATIVE ANALYSIS OF BREAST LUMPECTOMIES 
USING HISTOLOGY AND MICRO-CT DATA 
KUNAL PATEL 
ABSTRACT 
 
Objective: Breast cancer represents a significant risk in women’s health, affecting 
many women worldwide. Current treatment options in the U.S involve a 
multidisciplinary approach, most often beginning with surgery to remove 
cancerous tissue. Evaluation of margins for cancer on excised tissue is an 
important part of surgery, an important predictor of survival. As a result, there has 
been a great deal of research interest in intraoperative margin assessment, with 
a focus on fast and accurate results. Micro-computed Tomography (micro-CT) 
has emerged as a promising avenue to this end. We hypothesize that micro-CT 
scans will show a statistically significant difference in radiodensity between 
cancerous and non-cancerous tissue at intraoperative scan times. 
Methods: 15 breast lumpectomy specimens were collected from patients 
undergoing surgery at Massachusetts General Hospital (MGH). Lumpectomies 
were scanned with a Nikon XTH225 Micro-CT scanner. Corresponding histology 
slides were scanned with a whole slide scanner, and matched with micro-CT 
scans. Representative areas of cancerous and non-cancerous tissues were 
segmented from micro-CT scans, and their respective radiodensity differences 
were tested for statistical significance. 
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Results: 9 of 15 lumpectomy cases were successfully matched with histology 
sections. Of the 9 cases matched, 8 showed a statistically significant difference 
in mean radiodensity. 
Conclusion: Due to potential confounds in the study, the results are difficult to 
deem conclusive. However, micro-CT remains a promising tool in margin 
assessment, and could be fit for clinical use with further study.  
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INTRODUCTION 
 
An Overview of Breast Cancer Treatment 
  Breast Cancer is a serious issue in women’s health. It is the most 
prevalent invasive cancer in women with over 200,000 new cases in the US in 
2013, and is the second leading cause of cancer death in women (“Cancer Facts 
& Figures 2013,” n.d.). The death rate for breast cancer has decreased over the 
past two decades thanks to widespread screening, early detection, and advances 
in treatment.  
 
Figure 1: Age-Adjusted Cancer Death Rates in Females from 1930-2009. Breast Cancer is the second 
leading cause of cancer death in women, behind cancer of the lungs and bronchi. Note the decline in breast 
cancer deaths after 1989, due in part to better screening protocols, leading to increased early detection 
(“Cancer Facts & Figures 2013,” n.d.). 
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Treatment of breast cancer depends on the staging of the disease, but most 
often is managed with a multidisciplinary approach, beginning with surgery to 
remove the neoplastic tissue, followed by some combination of radiation and 
chemotherapy (Saini et al., 2012) as well as adjuvant hormonal therapy for 
Estrogen Receptor-Positive cancers.  
 Surgery for breast cancer is most commonly one of two types. In breast 
conservation therapy, a lumpectomy is performed to remove only a 
predetermined suspicious mass, leaving behind healthy breast tissue. A more 
aggressive surgery is the mastectomy, in which the entire breast is removed. In 
recent years, the breast-sparing lumpectomy has become increasingly utilized, 
as better screening protocols have led to early detection, and it has been shown 
that for small tumors, both surgeries have an equal effect on survival rates 
(“Mastectomy vs. Lumpectomy,” n.d.). A recent publication has even suggested 
that patients receiving breast conservation therapy have an increased survival 
rate over those receiving mastectomies (Agarwal, Pappas, Neumayer, Kokeny, & 
Agarwal, 2014), although this curious finding is most likely explained by the 
effects of specific cancer biology on the treatment type (Russo et al., 2013). 
 
Margin Status in Breast Conservation Therapy 
 Margin status is a prevalent issue in cancer surgery, and especially so in 
lumpectomy procedures. Margin status refers to the presence of cancer on the 
surface of excised tissue, and is most often described in one of three ways: 
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margin negative specimens have no cancer in the vicinity of the edges, margin 
positive specimens have at least one instance of cancer at the surface, and 
“close margins” refer to instances where cancerous tissue is within some 
threshold distance of the surface (most often .02cm). Studies have established 
that positive and close margins are correlated with an increase in local 
recurrence of cancer, with one study showing an increase in 10-year local 
recurrence rate of 5% and 7% for positive and close margins, respectively 
(Freedman et al., 1999). As a result, most patients with close or positive margins 
undergo a re-excision procedure to remove more tissue. 
 Re-excisions are generally safe and effective. One study showed that 
63.5% of patients who underwent re-excision had no residual (Russo et al., 
2013). In one study in which patients received multiple re-excisions, only one of 
the 49 patients had a local recurrence of breast cancer (Coopey et al., 2011). 
 The issue in re-excision lies in its cost: both financial and emotional. One 
study on the cost-effectiveness of re-excisions estimated the cost paid by the 
provider to be between $3577 and $4665 for each re-excision, a price tag which 
contributes to the ballooning healthcare costs and insurance premiums in the US 
(Osborn, Keeney, Jakub, Degnim, & Boughey, 2011).  In addition, just as 
pathological determination of margin status differs in criteria across institutions 
(particularly the determination of “close margins”), there is also a variance in re-
excision rates among institutions and even among individual surgeons, 
suggesting a level of subjectivity in the decision to perform re-excisions (McCahill 
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et al., 2012). Perhaps most critical cost is the emotional toll on the patient, 
brought about by the possibility of residual cancer. This stress is exacerbated by 
the fact that the current standard for margin assessment is the final pathological 
workup, which can take upwards of a week to perform, leaving patients uncertain 
of their status long after their surgery is completed. 
 
Intraoperative techniques for determining margin status 
A concerted effort to reduce re-excision rates has produced an active interest in 
intraoperative margin status determination. A fast, accurate intraoperative 
method would allow surgeons to resect tissue while the patient is still on the 
table, preventing the need for a second surgery.  
 The first and most intuitive intraoperative method is gross examination of 
the lumpectomy specimen by sight and palpation. Unfortunately, the most 
intuitive method is also the least effective, sporting a 44% specificity (Sauter et 
al., 1994). Another method is frozen sectioning, in which a pathologist flash-
freezes the specimen and creates a slide for immediate analysis. Slides from 
frozen sections are of poorer quality than their traditionally fixed counterparts, 
and the procedure, while fast, is also costly, with one article estimating the 
average cost to be $3123 per patient (Balch, Mithani, Simpson, & Kelley, 2005). 
 The 2-dimensional specimen radiograph is another solution being 
explored. This technique, which is essentially a standard x-ray of the excised 
tissue, is popular in wire-guided excision surgeries, where an x-ray is already 
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taken you ensure that the wire-labeled tissue is removed. The x-rays visualize 
both palpable and impalpable lesions due to the difference in radiodensity 
between tumor mass and the surrounding tissue. However, while the radiograph 
does well in identifying wire-labeled tissue (99% specificity) (Britton et al., 2011), 
it is far less reliable in determining margin status (Goldfeder, Davis, & Cullinan, 
2006).  
The lingering issue with specimen radiography is the effect of the 
orientation of the tissue on the final image. Cancer foci which appear in one 
dimension may not appear in another, and foci which appear distant in one view 
may be closer to margins in other views. 
 
Micro-CT in Breast Cancer and Margin Assessment 
 Micro-CT scans of lumpectomy specimens are another proposed solution 
to intraoperative margin assessment. Micro-CT is a technology which allows for 
3-dimensional imaging of smaller specimens, providing faster imaging than 
traditional CT scans. Resolution of the scan is most often inversely related to 
specimen size. The 3D images can be visualized as volumes that can be rotated 
and translated, or as 2D “slices” in any orientation. This circumvents the 
orientation issue posed by specimen radiographs. 
 Tang et al. (2013) provided one of the first looks at intraoperative Micro-
CT scans of lumpectomy specimens. Using a 15 minute scan/reconstruction 
protocol, they were able to scan 46 lumpectomy specimens, and successfully 
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identified 32 of 55 positive margins (60% sensitivity, 93% specificity). All 
determinations of benign and malignant tissue were interpreted based on 
structure and shape.  
 Gulfer et al. (2011) looked at micro-CT scans of breast core needle 
biopsies, which are very small specimens that allow for high resolution scans. 
The samples, amongst which the largest single dimension measured 1.3cm, 
were scanned in a paraffin cassette with a voxel size of 8 microns for up to 36 
minutes. Samples were then fixed in paraffin, serial-sectioned, and roughly 
registered against their corresponding micro-CT images. Regions of interest in 
the micro-CT images, verified by histopathology and including fat, fibrosis, and 
tumor, were sampled and compared to detect differences in x-ray attenuation (i.e 
differences in radiodensity). For the given scan time and resolution, every tissue 
comparison had a statistically different radiodensity (95% confidence interval), 
with the exception of benign fibrosis and healthy parenchyma. 
 
Present Study 
 Since margin status is defined as the distance of malignant tissue to the 
specimen surface, it is of the utmost importance to be able to distinguish 
malignant from non-malignant tissue. Histopathology of breast tissue is the ‘gold 
standard’ in this differentiation; slides prepared in hematoxylin and eosin can 
easily distinguish tumor tissue from surrounding fat and fibrotic areas. The 
degree of preparation of these slides, however, introduces a waiting period of 
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days, or even up to a week (“Getting Your Pathology Results After Lumpectomy,” 
n.d).  
 Micro-CT has the potential to provide real-time imaging of excised tissue, 
with the resolution of imaging dependent on many factors, including sample size, 
x-ray energy and scan time. The key output, and the basis of micro-CT imaging, 
is the absorption and transmittance of x-rays by a certain tissue type. Micro-CT 
has been shown to differentiate tissue based on x-ray attenuation in small 
samples at long scan times (>30 minutes), but not at intraoperative scan times 
(<15 minutes).  
 The goal of this study is to determine if malignant and benign tissues are 
differentiable in whole lumpectomy specimens based on radiographic attenuation 
at intraoperative scan times. The combination of large specimen size and short 
scan time results in a sizeable decrease in image resolution in comparison with a 
previous study which scanned biopsies. In order to appropriately sample micro-
CT images, histological sections can be matched against their corresponding 
micro-CT sections, and area-based samples of tumor and fibrosis can be taken.  
 The hypothesis is that the mean x-ray attenuation (measured in 
Hounsfield Units (HU), also known as grey values) will be different in regions of 
tumor versus fibrosis, and that the difference will be statistically significant. 
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Specific Aims/ Objectives 
 In this study, we will: 
1) Collect and scan 15 lumpectomy specimens with a micro-CT scanner, and 
reconstruct the scanned volumes for visualization.  
2) Obtain final pathology reports and H&E pathology slides for the 15 
patients whose lumpectomies were scanned. Pathology slides will be 
made digital using a slide scanner. 
3) Using information in the pathology report and landmarks from pathology 
slides, a 2D micro-CT cross section will be chosen from the 3D volume 
which corresponds to the pathology slide.  
4) Using the pathology slide as a reference, areas corresponding to tumor 
and fibrosis will be chosen. Pixels (called voxels in 3 dimensions) will be 
extracted from these areas, and mean radiodensities will be compared. 
 
This study is expected to show that: 
1) At short scan times, tumor tissue has a statistically significant difference in 
radiodensity from fibrous tissue.  
2) Micro-CT can adequately differentiate tissues of interest at short scan 
times, and is a good candidate for intraoperative margin assessment. 
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METHODS 
 
Patient Consent and Specimen Integrity 
 The lumpectomy specimens collected were obtained from patients 
undergoing treatment for cancer at the Massachusetts General Hospital. Data 
collection was approved by the MGH Institutional Review Board. Patients were 
consented for the study prior in pre-operative care, on the day of surgery. 
Throughout the course of this study, the utmost priority and deference was given 
to ensuring non-interference in patient care. Lumpectomy specimens were 
excised by the surgeon and placed in a bag or jar which was collected in the 
operating room by a lab technician, brought to the Micro-CT Laboratory, 
scanned, and sent along to the proper point of care within a goal of 15 minutes. 
The specimen was never removed from its container, and any manipulation to 
the specimen was kept minimal. In 14 of the 15 scans, a metal localization wire 
was located within the specimen, and was also scanned.  
 Any patient records, including pathology slides and final pathology reports, 
were kept either digitally on encrypted, password-protected hard drives, or as 
hard copies in a locked drawer. Any patient information in this manuscript has 
been de-identified to ensure patient privacy. 
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Micro-CT Scanning 
 Micro-CT scanners use many of the same physical principles as traditional 
CT-scanners, but are engineered to accommodate smaller samples. Beginning at 
x-ray production, the x-ray vacuum tube contains a tungsten filament through 
which a user inputted current is passed. As the temperature of the tungsten 
increases, electrons are emitted and sent through a user-inputted voltage. X-rays 
are produced when the electrons decelerate in collisions with the target (anode) 
or with each other. Because of the variation in collision type, a distribution of x-
ray energies is produced, with the maximum energy correlating to the input 
voltage. 99% of the energy in this process is converted to heat at the target, and 
1% produces x-rays (“Fundamentals of X-ray Physics,” 2008). 
 From the target, x-rays enter the chamber in a “cone beam” pattern. The 
specimen is placed on a rotating platform in the path of the cone. Depending on 
the ability of the specimen tissue components to absorb x-rays, some of the x-
rays are absorbed and some are allowed to pass. This phenomena is dependent 
not only on specimen components but on x-ray energies, as higher energy x-rays 
achieve a greater degree of penetrance through the sample. Transmitted x-rays 
hit a detector screen at the far end of the chamber. The detector is lined with a 
1536x1920 array of charge-coupled devices that absorb photons and convert the 
energy to signal.  
 As the specimen lies in the beam, the platform it rests on is rotated in 
equal angular increments, with a “projection” image taken at each point. 
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Projection images are similar to 2D radiographs, and are used to reconstruct the 
final 3D volume.  
 After all projection images are acquired and the scan is completed, the 
projections are reconstructed into a 3D volume using a filtered back projection 
algorithm in the Nikon software package (Quiggin, 2011). In filtered back 
projection, composite projection images are considered to represent the volume 
in Radon Space, a coordinate space in which the function (i.e the object being 
scanned) is integrated over straight lines. In order to convert the object from 
radon space to its native object space, it takes a detour into Fourier space. A 
one-dimensional Fourier transform is taken of the object in Radon space, yielding 
the object in 2D Fourier space. The inverse Fourier transform is then taken to 
convert from 2D Fourier space to 2D object space, yielding the familiar CT cross-
sectional data. This transformation is validated through the Fourier Slice 
Theorem, which describes the relationship between an object in its Radon space 
and corresponding Fourier coordinates (“Two-Dimensional Fourier-Based 
Reconstruction Methods,” 2008). 
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Figure 2: Filtered Back Projection Reconstruction. This figure illustrates the volumetric reconstruction 
process as proposed by the filtered back projection method. Projections are moved through Fourier space 
before being visualized as typical CT cross sections. (Figure from “Two-Dimensional Fourier-Based 
Reconstruction Methods,” 2008) 
Pathological Workup and Collection of Histological Slides 
 Because this study was intended to be as non-invasive to patient care as 
possible, lumpectomy specimens were sent along their normal route through 
pathology. This begins with a process called “bread-loafing”, in which the entire 
specimen or areas of interest are cut into small pieces, to be fixed in formalin and 
embedded in a paraffin wax. Sections are most often made along the longitudinal 
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axis of the specimen, but are by no means limited that orientation. Slices from 
the paraffin-embedded tissue are mounted onto glass slides and stained. For the 
purposes of this study, only slides stained in hematoxylin and eosin were 
considered. 
  Glass histological slides of lumpectomy specimens were obtained from 
the slide library in the Department of Pathology at MGH approximately one week 
after surgery. The slides were converted to digital images using a whole slide 
scanner produced by Hamamatsu Photonics.  
 
Matching of Micro-CT image With Histology 
 Image registration is an emerging field in medical research which is 
concerned with aligning volumetric data from multiple modalities, such as MRI, 
CT, ultrasound, and even histology. While registration algorithms for the 
alignment of volumes are well studied and documented, there has been little 
work on registration between 2D and 3D (Crum, Hartkens, & Hill, 2004). For the 
purpose of this study, a manual method was implemented to ‘search’ through the 
micro-CT volume for corresponding cross-section to histology.  
 The micro-CT volume was loaded into the 3D analytical software package 
VGStudio MAX, a comprehensive software suite which allows for real-time 
coordinate transformations of micro-CT volumes, including translation and 
rotation, while providing views of CT orthoslices. On a separate screen, the 
pathology image to be matched was displayed. The micro-CT volume was 
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rotated and manipulated, and corresponding orthoslices were scrolled through 
until the best matching slice was found. 
 
Figure 3: VGStudio Volumetric Analysis Suite. This figure shows the interface of VGStudio and its 
orthoslice viewer. Rotations of the micro-CT volume change the orientation of the orthoslices. 
 
 The determination of the “best “slice was a subjective one, but the location 
was confirmed by gross descriptions of submitted cassettes on the final 
pathology report, which cited landmarks such as the presence of a localization 
wire or a biopsy clip. Terms in the gross description such as “sequentially 
submitted” and “submitted from one end margin to the other” suggested that a 
series of slides would be matched along the same, or similar axis. 
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Histopathology and Region of Interest Sampling 
 
Pathology slides which were successfully matched with micro-CT sections were 
then examined for cancerous and fibrotic elements, and circular regions of 
interest were highlighted on the slides. These regions were confirmed by a breast 
pathologist, and corresponding regions of interest were created on the micro-CT 
cross-sections. The pixels in these regions were then sampled, and histograms 
of pixel radiodensity (in Hounsfield Units) were exported. 
 
Statistical Tests 
Each Case was ensured to have at least one sample each of cancerous and 
fibrous tissue. In the event of multiple samples, samples were combined so that 
each case had two histograms.  Because X-ray tube voltages and scan times 
were not held consistent, statistical tests were carried out within each case, with 
no statistical meta-analysis for the entire dataset.  
 The Mann-Whitney statistical test was chosen for its non-reliance on 
population distribution and its ability to accommodate uneven sample sizes. This 
test is meant to compare two sets of sample “means” for statistical difference. 
For the purpose of this study, two methods were used, differing in their definition 
of “mean.” 
 In the first method, single pixel values were assumed to be appropriate 
representations of means. In this case, the sample size is equal to the number of 
 16 
pixels in the region of interest. In the second case, a 4x4 pixel resolution is 
assumed, and the region of interest is split into 16-pixel samples. In this case, the 
sample size is n/16.  
 The Mann-Whitney distribution is approximately normal for sample sizes 
larger than 30, so all tests will be tested at a 95% confidence interval with an 
alpha=.05. All statistical tests and resampling were done using code written in 
python. The code is available in the appendix. 
 
  
  
 
 
 
RESULTS 
 
Micro-CT Scans 
 For the purposes of this study, 15 lumpectomy specimens were scanned 
with non-standardized parameters, listed in the table below. Scan times ranged 
between 3 and 6 minutes, with tube voltages ranging from 75 to 125 kV. 14 of the 
15 lumpectomies had a metal localization wire within the specimen, obscuring 
some of the image. Lumpectomies have been assigned arbitrary, post-hoc case 
numbers for reference. 
Matching of Micro-CT images to Histology 
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 9 of the 15 cases (1-9) had successful matches between pathology slides 
and the Micro-CT volumes. The tumor type in cases 1-8 was characterized as 
Invasive ductal carcinoma. Case 9 was a rare Invasive Mucinous Carcinoma. 
Images, sample histograms, and statistical analysis are presented case by case. 
Because of the differences in sample sizes, histograms were normalized for 
visualization. 
 
 
 
Table 1: Micro-CT Scan Parameters. This figure shows the Micro-CT Scan Parameters for each case. 
Scan times were kept under 6 minutes to simulate intraoperative use. 
 
Case 1 
Case 
Tube 
Voltage 
(kV) 
Tube 
Current 
(µA) 
Number of 
Projections 
Scan Time 
(min) 
Voxel Size 
(µm) 
Wire 
present? 
1 85 275 1440 6 0.0508 Y 
2 125 267 1440 3 0.0584 Y 
3 125 267 1440 3 0.0540 Y 
4 125 267 1440 3 0.0335 Y 
5 90 278 1440 6 0.0447 Y 
6 75 278 1440 6 0.0470 Y 
7 75 278 1200 5 0.0516 Y 
8 75 278 1440 6 0.0211 Y 
9 120 267 2880 6 0.0452 N 
10 120 267 2400 5 0.0555 Y 
11 125 275 2880 6 0.0448 Y 
12 125 267 2400 5 0.0390 Y 
13 125 267 2400 5 0.0466 Y 
14 125 267 1440 3 0.0281 Y 
15 75 533 1200 5 0.0453 Y 
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Method N1 N2 Mean Difference (HU) p Significant? 
Normal 564 5975 -2.941782317 
1.39E-
89 Yes 
Sampling 35 373 -3.031757829 
8.66E-
23 Yes 
Fig. 4: Case 1 Results. Circular regions represent corresponding areas on histology and Micro-CT from 
which voxels were sampled. The bright white ‘spot’ on the Micro-CT image is the surgical localization wire. 
The lower left figure shows representative samples for the normal Mann-Whitney Analysis, while the lower 
right shows the sampling method. Purple regions denote areas of overlap in the composite histograms. The 
table shows respective sample sizes (N1=tumor, N2=fibrosis) and outcomes. Both methods showed a 
significant difference in mean radiodensity (p<.05) 
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Case 2  
 
Method N1 N2 Mean Difference (HU) p Significant? 
Normal 1510 476 -1.202772868 1.35E-14 Yes 
Sampling 94 29 -1.192269622 1.05E-10 Yes 
Fig. 5: Case 2 Results. Circular regions represent corresponding areas on histology and Micro-
CT from which voxels were sampled. The bright white ‘spot’ on the Micro-CT images is the 
surgical localization wire. The lower left figure shows representative samples for the normal 
Mann-Whitney Analysis, while the lower right shows the sampling method. Purple regions denote 
areas of overlap in the composite histograms. The table shows respective sample sizes and 
outcomes. Both methods showed a significant difference in mean radiodensity (p<.05) 
 
Case 3 
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Method N1 N2 Mean Difference (HU) p Significant? 
Normal 4938 2838 -1.343957174 2.46E-97 Yes 
Sampling 308 177 -1.251280277 1.44E-52 Yes 
Fig. 6: Case 3 Results. Circular regions represent corresponding areas on histology and Micro-CT from 
which voxels were sampled.. The lower left figure shows representative samples for the normal Mann-
Whitney Analysis, while the lower right shows the sampling method. Purple regions denote areas of overlap 
in the composite histograms. The table shows respective sample sizes and outcomes. Both methods 
showed a significant difference in mean radiodensity. (p<.05) 
Case 4 
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Method N1 N2 Mean Difference (HU) p Significant? 
Normal 2651 1187 2.870655013 1.86E-127 Yes 
Sampling 165 74 2.929476172 6.55E-35 Yes 
Fig. 7: Case 4 Results. Circular regions represent corresponding areas on histology and Micro-
CT from which voxels were sampled. The bright white ‘spot’ on the Micro-CT images is the 
surgical localization wire. The lower left figure shows representative samples for the normal 
Mann-Whitney Analysis, while the lower right shows the sampling method. Purple regions denote 
areas of overlap in the composite histograms. The table shows respective sample sizes and 
outcomes. Both methods showed a significant difference in mean radiodensity (p<.05) 
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Case 5 
 
Method N1 N2 Mean Difference (HU) p Significant? 
Normal 4820 2635 4.694705634 ~0 Yes 
Sampling 301 164 4.679121153 2.20E-71 Yes 
Fig. 8: Case 5 Results. Circular regions represent corresponding areas on histology and Micro-CT from which voxels 
were sampled. The lower left figure shows representative samples for the normal Mann-Whitney Analysis, while the 
lower right shows the sampling method. Purple regions denote areas of overlap in the composite histograms. The table 
shows respective sample sizes and outcomes. Both methods showed a significant difference in mean radiodensity 
(p<.05) 
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Case 6 
 
Method N1 N2 Mean Difference (HU) p Significant? 
Normal 1733 1323 -3.217607455 2.03E-260 Yes 
Sampling 108 82 -3.173753884 2.13E-32 Yes 
Fig. 9: Case 6 Results. Circular regions represent corresponding areas on histology and Micro-
CT from which voxels were sampled. The lower left figure shows representative samples for the 
normal Mann-Whitney Analysis, while the lower right shows the sampling method. Purple regions 
denote areas of overlap in the composite histograms. The table shows respective sample sizes 
and outcomes. Both methods showed a significant difference in mean radiodensity (p<.05) 
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Case 7 
 
Method N1 N2 Mean Difference (HU) p Significant? 
Normal 583 3215 -0.010203936 0.4101 No 
Sampling 36 48 -0.000786416 0.4765 No 
Fig. 10: Case 7 Results. Circular regions represent corresponding areas on histology and Micro-
CT from which voxels were sampled. The lower left figure shows representative samples for the 
normal Mann-Whitney Analysis, while the lower right shows the sampling method. Purple regions 
denote areas of overlap in the composite histograms. The table shows respective sample sizes 
and outcomes. Both methods showed no significant difference in mean radiodensity (p>.05) 
Case 8 
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Method N1 N2 
Mean Difference 
(HU) p Significant? 
Normal 2761 3215 1.632398902 9.58E-20 Yes 
Sampling 172 200 1.822962133 1.29E-21 Yes 
Fig. 11: Case 8 Results. Circular regions represent corresponding areas on histology and Micro-
CT from which voxels were sampled. The lower left figure shows representative samples for the 
normal Mann-Whitney Analysis, while the lower right shows the sampling method. Purple regions 
denote areas of overlap in the composite histograms. The table shows respective sample sizes 
and outcomes. Both methods showed a significant difference in mean radiodensity (p<.05) 
Case 9 
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Method N1 N2 Mean Difference (HU) p Significant? 
Normal 3350 660 -2.80368626 1.94E-96 Yes 
Sampling 209 41 -2.775614895 4.25E-24 Yes 
Fig. 12: Case 7 Results. Circular regions represent corresponding areas on histology and Micro-
CT from which voxels were sampled. The lower left figure shows representative samples for the 
normal Mann-Whitney Analysis, while the lower right shows the sampling method. Purple regions 
denote areas of overlap in the composite histograms. The table shows respective sample sizes 
and outcomes. Both methods showed a significant difference in mean radiodensity (p<.05). Note 
that the tumor type in this case is an Invasive Mucinous Carcinoma. 
 
Summary of Results 
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 8 of the 9 cases were diagnosed as invasive ductal carcinoma (IDC), with 
the remaining case diagnosed as an invasive mucinous carcinoma. Of the 8 
cases of IDC, 7 showed a statistically significant difference in radiodensity in both 
methods, while one failed to show difference. In all cases, p values were larger in 
the sampling Mann-Whitney method than for the normal method. 
 
 
 
 
 
 
 
 
 
 
 
DISCUSSION 
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 The purpose of this study was to test if Micro-CT images taken at 
intraoperative scan times could achieve a statistically significant contrast 
between tumor tissue and fibrosis. The results indicated that in 8 of 9 cases, a 
statistically significant difference in radiodensity was detected. However, this 
result is difficult to deem conclusive due to the potential confounds and 
challenges that were met in this study.  
 The first potential issue is in the method of matching slides. It was 
mentioned before that the registration of unoriented 2D images to 3D volumes is 
not well studied. While it was never expected that the matched slides would be 
perfect, an error range of a few tenths of a millimeter could be enough to 
invalidate the analysis. Appropriate orientation of the specimen prior to imaging is 
therefore critical. In this study, lumpectomies were left in their containers, and in 
some cases, even folded on themselves. This convolutes the manual approach 
to registration, and makes a true match more difficult. 
 The needle localization wire left within the lumpectomy specimens also 
serves as a hindrance to meaningful analysis. The wire not only obscures details 
in its vicinity, but also causes a scattering pattern which can affect voxel grey 
values further away. It is particularly troublesome that the wire is meant to 
penetrate the tumor, and so the area most affected by its presence is the very 
same as the area of interest for this study.  
 One interesting finding in this study is that mean differences in 6 of 9 
cases were negative (suggesting that tumor tissue is less radiodense than 
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fibrsosis), while there were three studies with a positive mean difference. This 
study design relies, in part, on the notion that tumor tissue and fibrosis have 
characteristic radiodensities. If this is not true, then we begin to entertain the 
notion that these two tissues have a characteristic spectrum of radiodensities, 
influenced by genetics, patient history, and the biology of disease. Furthermore, 
the question of whether the two tissues are differentiable at all becomes 
somewhat moot, since the interpretation of micro-CT images would vary from 
patient to patient in an imprecise and unpredictable fashion. 
 A substantial meta-analysis between cases was sorely missed in this 
study. It was ultimately made impossible by the variability in scan parameters- 
inconsistencies in quantities such as voltage, current and exposure change the 
absolute and relative x-ray penetrance of tissues, and make comparisons across 
cases difficult. This led to the use of the Mann-Whitney test on samples within 
each case, using pixels to power statistical analysis. The data, while affirmative 
of the study hypothesis, carries with it an unreasonable level of calculated 
significance (the largest significant p value was ~10-10, eight orders of magnitude 
smaller than the confidence limit).  
 How reasonable was the choice in using individual voxels or small voxel 
clusters to power the analysis? Part of the assumption in choosing samples for a 
Mann-Whitney test is that they must be independent of one another, or in other 
words, that they cannot be derived from the same information. This requirement 
is satisfied if you consider each voxel to represent a small, unique iota of the 
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specimen. However, for the scans in this study, this is not the case because the 
voxels in the scans are interpolated from one another.  
 Interpolation of CT data occurs in reconstruction, when the number of 
projections is not sufficient for the resolution of the detector. Ideally, each angular 
increment between projections would result in the movement of the plane of the 
image by one voxel. The ideal number of projections would therefore be a 
function of the longest dimension of the specimen (N pixels) and is given by 
Pideal=nπ (Quiggin, 2011). Therefore, for a specimen spanning the length of the 
field of view (recall that the length of the detector is 1536 pixels), the number of 
projections required to avoid interpolation is 4,823. For reference, the largest 
number of projections used in this study was 2880 projections, with the majority 
of scans using 1440 projections. 
Towards Building a Better Study 
 The study in this thesis is perhaps best served in informing future projects. 
Beginning with micro-CT scanning, this study has shown that it is important for 
scan parameters to not only be fixed throughout a study, but accurate for the 
subject being scanned. Fig. 12 shows the significant mean differences as a 
function of their voltage. It seems clear that lower voltages allow for a greater 
contrast between tumor and fibrosis. A simple calibration experiment can be 
done in which breast tissue is run through a spectrum of x-ray energies until the 
mean difference is maximized. If there is concern about the radiation dosage to 
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an active pathological specimen, the experiment can be done on mastectomy 
tissue, which is often discarded in surgery or by pathology. 
Fig. 13: Effect of Scan Voltage on Mean Radiodensity. This figure shows a scatter plot of all the 
cases in the study. Note the further deviations from the mean at lower scan voltages. 
 
 There are some amendments to the imaging that might be employed to 
bring out more contrast between similar tissues. Use of a molybdenum target 
and/or a molybdenum filter will “soften” x-rays entering the chamber, shifting the 
distribution of x-ray energies to a lower level. It may also be worthwhile to explore 
dual-energy computed tomography, in which two sets of projections, at widely 
different voltages, are combined and reconstructed into a single image. It has 
 32 
previously been used with success to study the composition of breast tissue 
(Ding, Ducote, & Molloi, 2013), although it should be noted that, true to its name, 
it doubles the scan time.  
 A new reconstruction method called statistical iterative reconstruction is 
emerging as an alternative to the filtered back projection. The method utilizes 
non-parametric statistics to minimize some defined cost function related to the 
scanned object. This algorithm has shown great success in resolving small 
structures such as pediatric blood vessels (Koc, Courtier, Phelps, Marcovici, & 
Mackenzie, 2014) and soft tissue, and could help better visualize the finer 
elements of the lumpectomy specimens. 
 It is important to make sure the specimen is free of metal artifacts, which 
can obscure important areas of interest, as well as alter voxels at distances far 
from the wire via scattering. There are also computer programs and image 
processing algorithms which deal in the reduction of metal artifacts, and were 
originally developed to deal with CT scanning of patients with metal implants 
(Hilgers, Nuver, & Minken, 2014).  
 Registration is the next important part, and also a difficult one to manage. 
A manual method to registration is long, cumbersome, and inaccurate. One study 
was able to match tissue sections to micro-CT, but only after significant 
manipulation and control over orientation (Sengle, Tufa, Sakai, Zulliger, & Keene, 
2013) allowed for little error. 
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 All scans must be oriented in a way that allows for matching of 
histological images. This means that bags and jars should be avoided, if 
possible, because they can induce folding and tend to oblate the edges of the 
specimens they contain. It is also important to note that any computational 
approach to registration will require volumetric data, and so perhaps an extra 
step in between micro-CT and pathology is required. There has been some 
success in recent years in creating 3D histology volumes from serial sections 
orientation (Sengle, Tufa, Sakai, Zulliger, & Keene, 2013), but this requires 
exhausting tissue blocks, which, for human subjects, jeopardizes patient care. A 
micro-CT scan of the paraffin cassette after accessioning would be a valuable 
tool in matching the histology slide to the whole lumpectomy. The histological 
sections can be localized to the surface of the tissue in the cassette. The 
cassette, which is a good source of volumetric data, can then be registered to the 
micro-CT volume using many of the available algorithms for linear registration. 
 Once a robust and accurate dataset is collected, a wide range of options 
become available. The most straightforward option is to do a similar analysis as 
was done in this study, by sampling regions of interest and comparing 
differences in mean radiodensity, but this time allowing for meta-analysis across 
the entire dataset.  
 Another option, which is intriguing not only for this purpose, but for CT 
imaging at large, is implementing a post-processing method called texture 
analysis. This method outlined by Ganeshan et. Al (2009) is a computationally 
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inexpensive look at patterns in pixel distributions in seemingly homogenous 
areas. This project was motivated by finding a method to avoid in vivo contrast in 
CT scans of liver. They used wavelet decomposition, which is similar to Fourier 
analysis, to deconvolve images into spatial frequencies. Application of a 
Laplacian of a Gaussian (LoG) filter enhances the image by blurring structures 
smaller than the sigma of the Gaussian, while enhancing structures that are at 
the scale of the filter.  
 From here, overlays are created based on a series of quantification 
variables: entropy, mean grey level, and uniformity. These variables have a 
quantitative basis, but are at the same time completely made up. Applying these 
principals to a lumpectomy dataset could help confirm a physical correlation 
 
Fig. 14 Texture Analysis of In Vivo Liver. This figure shows an example of the type of overlay that can be 
generated from wavelet/LoG filtration. Figure taken from (Ganeshan, Miles, Young, & Chatwin, 2009) 
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Concluding Remarks 
 
The results of this study are inconclusive with respect to the hypothesis, but 
hopeful in the progress of future work. Intraoperative methods for margin 
assessment are sure to become more prevalent in the coming years, in whatever 
form they ultimately take. At the same time, the notion of margin status is still a 
hotbed of contention (Russo et al. 2013). As the multidisciplinary treatment of 
cancer becomes more effective, and breast cancer lethality declines, there may 
come a time in the future when margins are irrelevant. Until then, micro-CT 
stands as a promising new approach to a unique problem that is sure to gain 
traction with further research 
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Appendix- Python Code 
import matplotlib.pyplot as plt 
import numpy as np 
import matplotlib.mlab as mlab 
import os 
import random 
from scipy.stats import mannwhitneyu as mwu 
 
def deconstruct(x):  #input is a string, deconstructs histogram to composite 
values 
 a=list() 
 counter=0 
 rawlist= mlab.csv2rec(x, skiprows=13) 
 for i in range(len(rawlist)): 
  if int(rawlist[i][1])==0: 
   counter=0 
  else: 
   counter=int(rawlist[i][1]) 
   while counter!=0: 
    a.append(rawlist[i][0]) 
    counter-=1 
   
 a=np.array(a) 
 return a 
  
 
def sample(x):    #x is input array, y is the sample size, z is the number of samples to 
take the mean of 
 y=16          #resolution sample size=  assume 4x4 spatial res. 
 z=len(x)/y     
 b=list() 
 for i in range(z): 
  c=random.sample(x,y) 
  d=np.mean(c) 
  b.append(d) 
 print("sample function took an input of "+str(len(x))+" and took "+str(z)+" means") 
 return b 
  
def analyze(x,y,z): #takes two csv's PUT TUMOR IN THE FIRST, FIBROSIS IN THE 
SECOND  z is case # 
 #method1- mann whitney on two distributions 
 a=deconstruct(x) 
 b=deconstruct(y) 
 U1,alpha1= mwu(a,b) 
 meandif1=np.mean(a)-np.mean(b) 
 plt.clf() 
 plt.hist(a,bins=(int(len(a)*.01)),normed=True,label='IMC',alpha =0.6,color='blue') 
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 plt.hist(b,bins=(int(len(a)*.01)),normed=True,label='fibrosis',alpha 
=0.6,color='red') 
 plt.suptitle("Case #"+str(z)) 
 plt.ylabel("normalized counts") 
 plt.xlabel("grey value (HU)") 
 plt.legend() 
 plt.savefig("histogram1.png") 
 plt.clf() 
 #method 2- mann whitney on samples of distributions     !!!! get a clear function in 
here.. 
 c=sample(a) 
 d=sample(b) 
 U2,alpha2 = mwu(c,d) 
 meandif2=np.mean(c)-np.mean(d) 
 plt.hist(c,bins=(int(len(c)*.1)),normed=True,label='DCIS',alpha=.6,color='blue') 
 plt.hist(d,bins=(int(len(c)*.1)),normed=True,label='fibrosis',alpha=0.6,color='red') 
 plt.suptitle("Case #"+str(z)+" sampling method") 
 plt.ylabel("normalized counts") 
 plt.xlabel("grey value (HU)") 
 plt.legend() 
 plt.savefig("histogram2.png") 
 print("method 1 alpha is "+str(alpha1)+" and the mean dif is "+str(meandif1)) 
 print("method 2 alpha is "+str(alpha2)+" and the mean dif is "+str(meandif2)) 
  
  
def doubanalyze(x,y,z):   # if youre stacking histograms, input is 2 arrays 
 a=x 
 b=y 
 U1,alpha1= mwu(a,b) 
 meandif1=np.mean(a)-np.mean(b) 
 plt.clf() 
 plt.hist(a,bins=(int(len(a)*.01)),normed=True,label='DCIS',alpha =0.6,color='blue') 
 plt.hist(b,bins=(int(len(a)*.01)),normed=True,label='fibrosis',alpha 
=0.6,color='red') 
 plt.suptitle("Case #"+str(z)) 
 plt.ylabel("normalized counts") 
 plt.xlabel("grey value (HU)") 
 plt.legend() 
 plt.savefig("histogram1.png") 
 plt.clf() 
 #method 2- mann whitney on samples of distributions 
 c=sample(a) 
 d=sample(b) 
 U2,alpha2 = mwu(c,d) 
 meandif2=np.mean(c)-np.mean(d) 
 plt.hist(c,bins=(int(len(c)*.1)),normed=True,label='tumor',alpha=.6,color='blue') 
 plt.hist(d,bins=(int(len(c)*.1)),normed=True,label='fibrosis',alpha=0.6,color='red') 
 plt.suptitle("Case #"+str(z)+" sampling method") 
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 plt.ylabel("normalized counts") 
 plt.xlabel("grey value (HU)") 
 plt.legend() 
 plt.savefig("histogram2.png") 
 print("method 1 alpha is "+str(alpha1)+" and the mean dif is "+str(meandif1)) 
 print("method 2 alpha is "+str(alpha2)+" and the mean dif is "+str(meandif2)) 
  
  
def stackarray(x,y): #makes a stack from 2 csvs 
 a=deconstruct(x) 
 b=deconstruct(y) 
 c=np.concatenate((a,b)) 
 
 return c 
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